Examination of hand function and neurography of the median-and ulnar nerves was performed in 15 patients with acute and 26 patients with chronic tetraplegia due to cervical spinal cord injury (SCI). 30% of patients showed a mild and 20% a severe axonal lesion of motor fibres of both nerves. The latter is caused by intramedullary damage of ventral horn cells and anterior nerve roots as neurographic examination of sensory nerve fibres was normal in these patients. The most frequent and severe nerve lesion was present in those with lower cervical spinal cord injuries (C6/7-Thl) where the median and ulnar nerves originate. In the latter patients the development of active hand function, which enables the patient to perform active grasping movements, was closely related to the result of neurography, already early after trauma. The results of median and ulnar neurography in tetraplegia due to cervical SCI allow to differentiate between intramedullary damage of motoneurones and the anterior nerve roots (peripheral nervous system) or the pyramidal tract fibres (central nervous system) within the spinal cord responsible for the paresis of the intrinsic hand muscles. Neurography is of prognostic value in cervical SCI to predict the outcome of hand function and therefore influences the appropriate occupational therapy and the program and aims of rehabilitation.
Introduction
Approximately 40 -50% of patients with a traumatic spinal cord injury (SCI) suffer a cervical trauma with resulting tetraplegia. I -3 The independence of patients with tetraplegia in the activities of daily living and self care depends to a large extent on the ability to use the hands. 4 In these patients it is advantageous to obtain as early as possible information regarding the neurological impairment of sensory and motor func tions thereby allowing an early prognosis about the outcome of hand function. s The occupational therapy of the impaired hand function in patients with tetraple�ia starts in the intensive care unit after the trauma. -8 The approach depends largely on the degree of impairment of motor and sensory hand function and the expected functional disability. 9 In particular, it is important to know whether a spastic or flaccid paresis of the intrinsic hand muscles will develop.
The aim of this study was: Firstly, to determine the extent and distribution of motor nerve lesions by neurography in traumatic cervical spinal cord injury (SCI). By the neurographic technique it is possible to differentiate between an intramedullary motor nerve lesion due to damage of ventral horn cells and anterior nerve roots within the spinal cord from other Correspondence: Dr. A. Curt
Revised, received 19 September 1995 peripheral nerve lesions. Secondly, to correlate the neurographic results with the degree of hand function in order to evaluate, if neurography in acute cervical SCI is of prognostic value to predict the outcome of hand function.
Methods

General procedures and patients
Motor and sensory compound action potentials (MCAP/SCAP) and nerve conduction velocity (NCV) of the median and ulnar nerves were investigated in patients with acute and chronic tetraplegia due to traumatic injury of the cervical spinal cord (SCI). By normal sensory neurography peripheral nerve lesions due to polyneuropathy (eg diabetes mellitus, alcohol ism) or those after polyneuritis and local nerve entrapments usually can be excluded. In this way 41 patients with SCI between C4 and Tl without indication of peripheral nerve lesions were selected ( Figure 1 ). The level of structural injury of the spine was defined by radiographic examinations (X-ray, CT and MRI) demonstrating either a vertebral body fracture (eg. C4, C5) or a fracture with luxation (eg. C5/C6, C6/C7). The results of the NCV study and clinical examinations of hand function will be related to the level of structural injury. In patients with acute cervical SCI and tetraplegia (n = 15; two female, 13 male; mean age 40 years, range 17 -76 years) the examinations were performed as early as possible after admission to the hospital (usually within 1 to 2 weeks after trauma) and subsequently monthly for the next 3 months. Patients with an interval of at least 6 months after trauma in a stabilized clinical and neurological condition were placed in the chronic tetraplegic group (n = 26, seven female, 19 male; mean 36 month after SCI, range 6-168 month; mean age 39 years, range 20-72 years). In the group with acute tetraplegia eight of the 15 (46%) and with chronic SCI 16 of the 26 (6 1. 5%) patients were not able to walk during the observation period.
In a group of 10 healthy subjects (five females, five males) with mean age of 29 years (range 24 -38 years) the normative data of the compound action potentials and conduction velocities of median and ulnar nerves were determined under the same condition as applied to the patient groups.
Clinical examination
Clinical examination of hand function was directed to evaluate the following points: (1) Is the patient able to use the intrinsic hand muscles voluntarily and to perform any active hand-grip. This hand function was called 'active-hand' (the patient was at least able to use two kinds of hand-grips; the pulp pinch and the lateral pinch). Patients with 'inactive-hands' were not able to perform such grips. (2) The muscle tone (spastic vs flaccid) and stretch reflexes of the intrinsic hand muscles.
Recording methods
An 'amplaid EMG equipment' was used to perform the neurographic examinations (room temperature between 21° and 24°C). Rectangular wave stimuli of 0. 1 msec duration were applied with supramaximal stimulus intensity to the median and ulnar nerves distally at the wrist and proximally at the elbow. Bandpass was set at 10-2500 Hz for motor nerves and 30 -2500 Hz for sensory nerves. The motor nerve potentials were recorded using surface electrodes (Dantec Silver Chlor Disc Electrode) over the m. abductor digiti minimi (ADM) and the m. abductor pollicis brevis (APB). The The grading of the neurographic results into four types of nerve lesions in the patients were related to the limits published in the literature. 1O -12 In order to clearly distinguish pathological results in neurography, the limit for pathological reduction of the MCAP was defined as being less than 4 m V for the median and 4.6 m V for the ulnar nerve. Pathological slowing of the MNCV was determined as less than 49 mls for the median and 47 mls for the ulnar nerves. Pathological limits for the sensory results were defined to 53 mls for the SNCV of both nerves and reduction of SCAP of the median nerve to 20 ltV and for the ulnar nerve to 12. 5 /lV.
Results
Healthy subjects
The normative data studied in our group of 10 healthy subjects (Table 2A) were com�arable with the data published in the literature. 1O -1 All subjects showed results which were within the type 4 group. Patients with chronic cervical SCI About 50% of the median and ulnar motor nerves examined neurographically in the 26 patients studied were graded as type 4 ( Figure 2 ). In 20% of the patients no motor CAP could be elicited (type 1) or the MCAP and MNCV were pathologically deranged (type 2). Around 30% of the median and ulnar nerves displayed a decrease of the MCAP with normal MNCV indicating a predominantly axonal lesion of these motor nerves (type 3). As expected, no patient had demyelination of motor nerve fibres. In contrast to the motor nerve fibres, the sensory nerve fibres showed normal CAP and NCV for both ( Table 2 ). The severe nerve lesions were not symmetrically distributed in all cases. In three patients a difference in the degree of median and ulnar nerve lesions was observed between the left and the right hand (nerve lesion type I and 2 on the one side vs type 3 on the opposite side).
The neurographic results were related to the level of the cervical SCl. Thus it could be demonstrated, that nerve lesions of both nerves corresponding to type 3 were present in injuries along the whole cervical spine, while the severe lesions of the motor nerve fibres (type 1 and type 2) were only associated with injuries at levels C6j7 -Tl (Tables 3 and 4 ). In contrast to the healthy subjects there was a significant reduction of the mean MCAP and MNCV of median and ulnar motor nerve fibres in the patients with chronic cervical SCI with an injury level at C6jC7 -T1 (level of significance 95 -99%; Table 2 ). There was however, no significant difference in the mean values of the sensory potentials (SCAPjSNCV) between the patients and healthy subjects (level of significance < 90%).
Patients with acute cervical SCI
In the 15 patients with an acute cervical SCI the course of the neurographic recordings was followed over time. In 12 out of the 15 patients the first examination was done within the first two weeks after trauma. The distribution of the different types of nerve lesions was comparable to those of the chronic SCI group. The extent of the nerve lesions (type 1-4) was already present upon the initial examination and did not change significantly during further examinations. In 5 patients 5 also needle electromyography of intrinsic hand muscles was also performed 1 month after trauma. In all patients with a pathologically reduced MCAP, signs of denervation were present. Although a slight increase of amplitude of the mean MCAPs was observed in patients with spastic and flaccid paresis of the hand, the mean MCAP of the median and ulnar nerves remained pathologically reduced over the observation period. The mean MCAP of the median nerve increased from initially 2.78 ± 1.4 m V to 3.66 ± 2. 5 mV after 3 months (normal value 8.2±2.4 mY). The mean MCAP of the ulnar nerve increased from 3.02± 1.9 mV to 3. 37±2.6 mV (normal value 7.4 ± 2. 1 m V). However, this increment in both nerves was not statistically significant (student's t-test, level of significance <90%). After a period of 3 months the mean MCAP amplitude of both nerves reached a similar level as that obtained in the chronic SCI group (mean median nerve MCAP amplitude was 4. 2± 2.9 mY; mean ulnar nerve MCAP amplitude was 3.7±2.4 mY).
Also the motor nerve conduction velocities (MNCV) of both nerves remained stable in the examinations during the first 3 months after trauma. The mean MNCV of the median nerve was initially The values of control group A and patient group C (lower cervical lesions) are significantly different (*level of significance 95<99%, **level of significance 99-99.9%; n=number of nerves examined) 51.8±8.8 mls and decreased to 47.2± 15.5 mls whereas the mean MNCV of the ulnar nerve decreased fr om 55.3 ± 3.7 mls to 50.8 ± 5.7 mls after 3 months. The slowing in the conduction velocities of both nerves was not significant (level of significance <90%). Again the results obtained 3 months after trauma were similar to the values recorded fr om the chronic SCI patients (mean median nerve MNCV was 45.8 ± 20.4 m/s; mean ulnar nerve MNCV was 47.3± 19. 5 m/s).
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Neurography and clinical symptoms
In chronic SCI patients with a severe nerve lesion (type I and 2) the muscle tone was reduced with a flaccid paresis and absence of stretch reflexes of the intrinsic hand muscles. In acute cervical SCI with neurographi cal results corresponding to type 1 and 2 the development of flaccid muscle tone and reduced stretch reflexes was predicted. Patients with complete tetraplegia due to lesions of the upper cervical segments and neurographic results in both nerves of 
type 3 and 4 developed a spastic hand paresis with increased muscle tone and exaggerated stretch reflexes. In patients with upper cervical SCI and incomplete tetraplegia the neurographic results were not related to the muscle tone and stretch reflex excitability.
Neurography and hand function
The hand function was differentiated into active and inactive hands, depending upon whether the patient was able to voluntarily perform active grasping movements using intrinsic hand muscles. In the chronic SCI patients, 18 (35%) out of 52 hands were clinically defined to represent an active hand. In acute SCI patients, 16 (53%) out of 30 hands were classified as active hands. Neurographic results in both patient groups were of different diagnostic and prognostic value with respect to hand function in lesions of upper or of lower cervical segments. There was no correlation between the neurographic results and hand function in patients with upper cervical lesion (segments C4/5-C6) in both acute and chronic patients. Furthermore, no difference could be determined between hand paresis with inactive hand function due to complete tetraplegia and active/normal hand function in incomplete tetraplegics. In contrast, in lesions of the lower segments (C6j7 -Thl) there was a strong correlation between the outcome of hand function and the neurographic results (Tables 3 and 4 ). In the latter patients 90% of the hands with neurographic results corresponding to type 3 and 4 developed active grasping movements of the hands (versus 35% in lesions of upper segments). All hands with median and ulnar nerve lesions corresponding to grading type I and 2 remained with an inactive hand function. The hands of patients with asymmetrical nerve lesions were characterized by a hand function corresponding to the remaining innervation of intrinsic hand muscles.
Discussion
In cervical spinal cord injuries central and peripheral parts of the motor system can be affected: (1) Descending motor nerve fibres of the central nervous system, ie the pyramidal tract and (2) structures within the anterior part of the spinal cord, ie motoneurones and anterior nerve roots, belonging to the peripheral nervous system. Therefore, lesions of the cervical spinal cord can produce a more spastic or flaccid paresis of the hand muscles depending on the predominantly damaged nervous structure (peripheral or central). One has to be aware that the peripheral sensory nerve fibres in contrast to the motor fibres originate in the extramedullary located dorsal gang lions. Therefore, with intramedullary damage of the spinal cord sensory fibres of the peripheral nerves, in contrast to motor nerve fibres which undergo Wallerian degeneration, are usually not or only little affected.
In patients with tetraplegia due to cervical SCI the therapy of the remallllllg hand fu nction is most important to attain a maximum of self-indepen dence. 9 , 13 During the first few weeks after SCI, para-/tetraplegic patients display a lack of stretch reflexes and muscle tone is reduced below the level of injury due to spinal shock. 14 -16 Therefore, one cannot clinically distinguish between peripherally or centrally mediated paresis by the initial neurological examina tion.
Alterations of the peripheral nervous system of the lower limbs in patients with traumatic SCI and in patients with non-traumatic disorders of the spinal cord by neurographic and myogra;hic examinations were already demonstrated earlier. 1 -20 Hitherto there exists, however, no study of neurographic recordings of upper limbs in tetraplegia to evaluate the extent of motor nerve lesion and its potential relevance to the clinical outcome of hand function.
Extent and distribution of motor nerve lesion
In the acute and chronic patient groups, approximately 50% of patients displayed significant lesion of the median and ulnar motor nerve fibres and of these 20% suffered severe nerve lesions. Because the neurography of sensory nerve fibres was normal in these patients, the motor nerve lesion has to be due to an intramedullary lesion of the motoneurones. Therefore, this type of nerve lesion can be separated from other peripheral nerve lesions (eg plexus lesion or peripheral nerve entrapment) frequently present in wheelchair bound patients. 21 -23 Krasilovski (1980) described in a nerve conduction study severe upper limb nerve lesions in 17% of patients with chronic cervical SCI and attributed the nerve lesions mainly to peripheral nerve entrapments (eg ulnar -carpal channel) and to chronic affection of the ventral horn cells. 24 However, in the latter study the time course of these nerve lesions was not investigated and the early development was not described.
In our patient groups, where peripheral nerve entrapments were excluded, we could demonstrate that the motor nerve lesion is already present in acute cervical SCI. It can be assumed that this damage belongs rather to local trauma of the cervical spinal cord than to reduction of supraspinal input to the ventral horn cells, because the most severe lesions of motor nerve fibres (type 1 and 2) only occurred in lower cervical SCI lllJuries where these nerves originate. 25 -3o This suggestion also fits in with the observation that only 10% of patients with severe intramedullary motoneurone lesions regained the ability to walk, in contrast to 40% of patients with mild or no nerve lesion. Therefore, a more severe intramedullary motoneurone lesion is associated with a greater local intramedullary damage of neuronal structures with consecutive poor prognosis of upper and lower limb motor function. The distribution of nerve lesion in neurography described in our study is in line with earlier EMG studies, where most of the patients with cervical SCI showed signs of denerva tion, eg pathological spontaneous activity in the upper limb muscles at, below, and to a lesser degree, above the neurological level of spinal cord damage. 31 •32 Compared to the latter studies the neurographic recordings employed here allow to assess quantita tively the motor nerve lesion and to follow its time course. Additionally, neurography may help to differentiate between intramedullary and other periph eral nerve lesions. Furthermore, the neurographic recordings can indicate at an early stage the extent and severity of intramedullary motoneurone lesions, and can serve as a screening method for these lesions.
Motor nerve lesion and hand function
In patients with acute lower cervical SCI (C6j7 -Thl) the MCAP amplitudes were of prognostic value to predict the outcome of hand function. Patients with a severe motor nerve lesion of median and ulnar motoneurons (type I and 2) developed flaccid paresis of the intrinsic hand muscles associated with muscle atrophy and a loss of stretch reflexes. These patients obtained no active hand function, ie they were not able to perform any active grasping movements by the intrinsic hand muscles. In contrast, patients with a less severe nerve lesion (type 3 and 4) developed active hand function with the ability to perform active grasping movements. As a consequence, the latter patients were more self-independent. Patients with asymmetrical motoneurone damage showed a hand function which was related to the degree of preserved nerve function.
In patients with upper cervical SCI (C4j 5-C6) no severe nerve lesion was observed. In these patients an inactive hand function due to a central hand paresis (damage of pyramidal tract) or an active hand function in incomplete cervical spinal cord injury could not be differentiated by neurography. There fore, in these patients neurography was only of indirect value for the prognosis of hand function. These patients with an inactive hand function, in contrast to flaccid hand muscle paresis, could use to a certain extent the spastic muscle tone to acquire some hand function, ie passive grasping movements. There fore, the development of flaccid or spastic hand muscles paresis could be predicted on the basis of combined clinical and neurographic examinations.
Conclusion
A motor nerve lesion was present in 50% of patients with tetraplegia due to cervical SCI. A severe motor nerve lesion was predominantly present in lower cervical injuries. Neurographic examination is of diagnostic value in cervical SCI, as it can predict the development of hand function and muscle tone and thus influences the selection of occupational hand therapy and the rehabilitation program.
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